Aim: To assess associations of the serum level of 25-hydroxyvitamin D with insulin resistance and β-cell function in a healthy Chinese female population. Methods: This cross-sectional study included 1382 female participants free of type 2 diabetes who were recruited in Shanghai. Blood samples were collected within a winter season and the serum levels of 25-hydroxyvitamin D, fasting plasma glucose and insulin, and other biochemical parameters were determined. Insulin resistance and β-cell function were assessed using the homeostasis model assessments of insulin resistance (HOMA-IR) and β-cell function (HOMA-B), respectively. Results: Multiple linear regression analyses adjusted for age, parathyroid hormone, Ca 2+ and BMI revealed that independent inverse associations existed between the serum level of 25-hydroxyvitamin D and HOMA-IR (P<0.001) and between the serum level of 25-hydroxyvitamin D and HOMA-B (P=0.001). Conclusion: Serum vitamin D level is significantly and independently associated with insulin resistance and β-cell function in a healthy Chinese female population.
Introduction
Type 2 diabetes is one of the most common endocrine diseases worldwide, currently affecting more than 300 million people. Over time, type 2 diabetes leads to an increased risk of severe complications such as coronary heart disease, stroke, blindness, kidney failure, and nerve damage. The rates of type 2 diabetes are still increasing, mainly driven by increasing levels of obesity [1] . Given that reversing the rising obesity levels is unlikely, identification of easily modifiable risk factors is urgently needed for the primary prevention of type 2 diabetes.
One of these easily modifiable risk factors-vitamin D statushas received considerable attention. Emerging evidence suggests a role for vitamin D in the etiology of type 2 diabetes [2, 3] . Because insulin resistance is a risk factor for diabetes, understanding the role of vitamin D in the pathogenesis of diabetes and impaired glucose tolerance is important in the effort to combat the increasing prevalence of diabetes worldwide.
Vitamin D is hypothesized to play a role in glucose homeostasis and β-cell function [4] . In adults, low 25-hydroxyvitamin [25(OH)D] concentration have been found to be associated with higher risk of hyperglycemia, insulin resistance, and type 2 diabetes [5] . In children, limited vitamin D data show an association with fasting hyperglycemia and insulin resistance [6, 7] . Animal data show impaired insulin secretion during vitamin D deficiency [8] and an improvement in insulin secretion with vitamin D supplementation [9, 10] . This impairment is primarily caused by the direct effect of vitamin D deficiency on the β-cell [11] . Vitamin D receptors have been identified on pancreatic β-cells [12] , and the active metabolite of vitamin D, 1,25-dihydroxyvitamin D, is thought to be required for normal glucose-stimulated insulin release from β-cells [13] . However, large-scale population-based studies examining the correlation between vitamin D insufficiency and [2, 4, 14, 15] . Recently, Lu et al [16] evaluated the association between 25(OH)D and metabolic syndrome among middleaged and elderly Chinese individuals and suggested that a low 25(OH)D level was significantly associated with an increased risk of having metabolic syndrome and insulin resistance (IR). However, there still is a lack of studies on the association of vitamin D with IR and β-cell dysfunction in healthy adult Chinese individuals. Therefore, our objective was to assess the association between the serum 25(OH)D concentration and both IR and β-cell dysfunction in a large cohort of healthy adult Chinese females.
Materials and methods

Study population
From February 2009 to March 2009, a total of 1 400 healthy Chinese females (aged 20-85 years) living in Shanghai were recruited from several community centers. The participants were identical to those included in the Shanghai Osteoporosis Study. This study assessed the physical health of the participants, including heart, liver, kidney, and bone health. The study subjects were recruited from ten urban communities in Shanghai. After stratifying the population of each selected community by age, we sampled subjects. All of the subjects who agreed to participate in this study were asked to visit an outpatient clinic at the Department of Osteoporosis and Bone Diseases, Shanghai Jiao Tong University Affiliated Sixth People's Hospital. The response rate for participation was 85.6%. All of the participants were of Han ethnicity. Age, body weight, height, and age at menarche and amenorrhea were recorded.
All of the subjects were subjected to blood counts, fasting plasma glucose tests, and liver and kidney function tests. All of the healthy subjects included in this study had (1) normal blood counts and (2) normal results for liver and kidney function. Subjects with fasting plasma glucose levels >7.0 mmol/L (n=12) were excluded. Information on smoking and alcohol drinking habits was collected by questionnaire. Several (n=6) of the subjects were smokers and/or drinkers, so they were excluded. Participants who were on diabetes medication or had a history of diabetes, or had taken vitamin D and/or calcium supplements within 3 months were also excluded.
The study was approved by the Ethics Committee of the Shanghai Jiao Tong University Affiliated Sixth People's Hospital. All of the participants signed informed consent forms before entering the study.
Blood collection and analysis
Fasting blood samples were collected for the measurement of the serum levels of calcium, phosphate, albumin, glucose, insulin, intact parathyroid hormone (iPTH) and 25-hydroxyvitamin D [25(OH)D]. Serum levels of 25(OH)D and PTH were determined using an ECLIA Elecsys autoanalyzer (Roche Diagnostic GmbH, Mannheim, Germany). The intra-assay and inter-assay coefficients of variation (CVs) for 25(OH)D were 5.6% and 8.0%, respectively. The lower limit of detection of 25(OH)D was <4 ng/mL (10 mmol/L). The intra-assay and inter-assay CVs for PTH were 1.4% and 2.9%, respectively. The intra-assay and inter-assay CVs for fasting plasma glucose were 1.9% and 2.6%, respectively. The intra-assay and inter-assay CVs for fasting plasma insulin were 1.4% and 2.9%, respectively. Insulin resistance and β-cell function were estimated based on the fasting plasma measurements using the HOMA-IR [fasting plasma insulin (mU/L)×fasting glucose (mmol/L)÷22.5] and HOMA-B [20×fasting plasma insulin (mU/L)÷(fasting glucose (mmol/L)-3.5)], respectively [17] . All of the serum samples were obtained during the winter season (February 2009 to March 2009).
Statistical analysis
Continuous variables are presented as mean (±SD). Data that are not normally distributed are shown as medians and interquartile ranges (in parentheses). The data that were not normally distributed were log transformed before analysis. Differences in the levels of 25(OH) between subjects before and after menopause were tested by Student's t-test. We tested differences using linear trends for continuous traits across 25(OH)D categories using generalized linear models. Simple linear analysis was used to assess the relationship between the serum 25(OH)D concentration and various parameters. Multiple linear regression analyses were conducted to investigate the independent associations of 25(OH)D with measures of insulin resistance (HOMA-IR) and β-cell dysfunction (HOMA-B). Age and BMI have been previously associated with type 2 diabetes. PTH and Ca may be the mediators of the insulin resistance. Therefore, they were chosen as confounding factors. Three models were constructed. Model 1 was adjusted for age, model 2 was additionally adjusted for PTH and Ca, and model 3 was additionally adjusted for BMI. All of the calculations were performed using SPSS ver 11.0 (SPSS Inc, Chicago, IL, USA). The results were considered to be statistically significant at P<0.05.
Results
The clinical characteristics and mean laboratory values of the 1382 women, aged 20-85 years, are shown in Table 1 concentration was a significant independent predictor of insulin resistance and β-cell function across all models (Table 3) .
Discussion
The major finding of this study is that the serum level of 25(OH)D was inversely associated with insulin resistance and β-cell function. These relationships were independent of confounding factors. Therefore, an abnormal vitamin D status may be a risk factor for type 2 diabetes. Previous studies assessing the association between vitamin D and insulin resistance, as well as vitamin D and β-cell function, have yielded inconsistent results. On the one hand, epidemiologic studies [2, 4, 15, 19] have suggested that the serum 25(OH)D concentration or the VDR polymorphism is associated with insulin sensitivity. Stronger evidence comes from prospective studies, of which there have been two that show inverse associations between dietary vitamin D and diabetes risk [20, 21] . Furthermore, a recent meta-analysis of two representative Finnish cohorts showed a satisfactory vitamin D level also plays an important role in primary diabetes prevention [22] . On the other hand, Gulseth et al [14] showed that serum concentrations of 25(OH)D did not predict insulin action or secretion in a sample of subjects with metabolic syndrome. Moreover, no effect of 1alpha, 25-dihydroxyvitamin D 3 on beta-cell residual function and insulin requirement in adults with new-onset type 1 diabetes was observed [23] . These inconsistent results may result from small sample sizes, the use of indirect measures of insulin resistance and β-cell function, and/or different study populations (ie, ethnicity, healthy subjects or subjects with metabolic syndrome). Our study found that the serum level of 25(OH)D was inversely associated with insulin resistance and β-cell function in a large sample of healthy adult Chinese females, independent of confounding factors.
The relationships between 25(OH)D and parameters of glucose homeostasis are often confounded by other factors such as adiposity and PTH. Obesity is clearly the predominant factor in the pathogenesis of diabetes. It is known to be associated with reduced vitamin D status, which may reflect some of the lifestyle factors such as the levels of exercise, alcohol consumption, and smoking, or the increased sequestration of vitamin D in adipose tissue [24] . A recent study aiming to explore the effect of modification of obesity on the association between 25(OH)D and insulin resistance showed that within [25] . However, one feature of this sample is the relatively low average BMI (21.9±2.8), which reflects a major difference between East Asian women and women from Western countries. The proportion of overweight participants (BMI>23) based on Asian criteria [18] in this study was 29.2%. The low average BMI and the low proportion of overweight participants are comparable to other studies in Shanghai [26] , and are representative of the general urban female population of Shanghai. Since previous studies [27] [28] [29] [30] mainly focused on the relationship between vitamin D insufficiency and insulin resistance in obese populations, the results of our study provide evidence that abnormal vitamin D status may play a role in the pathogenesis of diabetes in a population with relatively low BMI.
Another common confounding factor is PTH. Previous studies have shown that secondary hyperparathyroidism may be the chief mediator of the insulin resistance associated with poor vitamin D status and/or other variables [31] . PTH can increase free intracellular calcium concentrations in key insulin target tissues, including adipocytes and skeletal muscle [32, 33] . Previous studies observed that increased PTH concentrations were associated with impaired glucose tolerance and decreased insulin sensitivity [34, 35] . Yamaguchi et al [36] showed that serum Ca level was positively associated with impaired glucose metabolism, independently of PTH and bone metabolism, in men with type 2 diabetes. Our data showed that the serum 25(OH)D concentration was inversely and significantly associated with HOMA-IR in both sexes after adjustment for serum intact PTH and Ca levels and suggest that vitamin D has a role in the pathogenesis of impaired glucose metabolism independent of PTH and Ca.
The possible mechanisms underlying the relationship between vitamin D and glucose homeostasis include direct effects of vitamin D on pancreatic β-cell secretory function (through nuclear VDRs), effects on insulin sensitivity (through stimulation of insulin receptor expression regulation of intracellular calcium since an effector part of the vitamin D pathway is the vitamin D-dependent calcium-binding protein required for postinsulin receptor effects in insulin-responsive tissues, and indirect effects (through inflammatory processes) [2, 37, 38] . In addition, 25(OH)D deficiency leads to hyperparathyroidism, which in turn has been found to be inversely associated with insulin sensitivity in healthy adults [34] . The strengths of the current study include the large, wellcharacterized sample of subjects free of type 2 diabetes. In addition, the 25(OH)D level and other biochemical parameters were measured in blood samples obtained during the winter season to avoid a seasonal effect. Some limitations should be noted. Lifestyles, such as frequent outdoor exercise, could influence both the vitamin D status and insulin sensitivity and thus might account for the observed correlation. Other limitations include the cross-sectional design and the lack of 'gold standard' measures of IR, which are invasive and costly and thus not suited for use in large studies.
In conclusion, the vitamin D level was significantly and independently associated with IR and β-cell function in a large cohort of healthy Chinese females free of type 2 diabetes. These associations are potentially important for understanding the etiology of abnormal glucose metabolism. Further study is needed on the proposed association between vitamin D and the disorders underlying type 2 diabetes in large populationbased studies.
